Bisphenol A (BPA) is a widely used endocrine disruptor. Recent epidemiologic results have suggested an association between exposure to BPA and cardiovascular disease, type 2 diabetes, and obesity. We investigated the in vivo effects of long-term oral exposure to BPA on insulin resistance and glucose intolerance. In the present study, 4-to 6-week-old male mice on a high-fat diet (HFD) were treated with 50 mg/kg body weight per day of BPA orally for 12 weeks. Long-term oral exposure to BPA along with an HFD for 12 weeks induced glucose intolerance in growing male mice. Intraperitoneal glucose tolerance tests showed that the mice that received an HFD and BPA exhibited a significantly larger area under the curve than did those that received an HFD only (119.9G16.8 vs 97.9G18.2 mM/min, PZ0.027). Body weight, percentage of white adipose tissue, and percentage of body fat did not differ between the two groups of mice. However, treatment with BPA reduced Akt phosphorylation at position Thr308 and GSK3b phosphorylation at position Ser9 in skeletal muscle. BPA tended to decrease serum adiponectin levels and to increase serum interleukin 6 and tumor necrosis factor a, although these findings were not statistically significant. Treatment with BPA did not induce any detrimental changes in the islet area or morphology or the insulin content of b cells. In conclusion, long-term oral exposure to BPA induced glucose intolerance and insulin resistance in growing mice. Decreased Akt phosphorylation in skeletal muscle by way of altered serum adipocytokine levels might be one mechanism by which BPA induces glucose intolerance. Key Words " bisphenol A " glucose intolerance " insulin resistance " skeletal muscle " adipocytokine Journal of Endocrinology (2015) 226, 35-42
Introduction largely related to its estrogenic activity (Hiroi et al. 1999 , Kurosawa et al. 2002 , and they can result in disturbances of reproductive function. However, recent epidemiologic evidence has also implicated BPA in cardiovascular disease, type 2 diabetes, and obesity: increasing serum or urine BPA levels have been positively associated with diabetes mellitus (Lang et al. 2008 , Shankar & Teppala 2011 , cardiovascular disease (Lang et al. 2008) , obesity, and insulin resistance (Wang et al. 2012) . Several possible mechanisms have been suggested by animal and in vitro studies, yet whether BPA causes insulin resistance or diabetes is still controversial.
Several studies in rodent models have reported that perinatal exposure to BPA increases the body weight of offspring at 6 months of age (Alonso-Magdalena et al. 2010 ) and in adulthood (Somm et al. 2009 ) as well as in the neonatal period (Howdeshell et al. 1999 , Rubin et al. 2001 , Rubin & Soto 2009 ). However, Ryan et al. (2010) reported a contrary result that oral exposure to BPA during the perinatal period did not induce glucose intolerance later in life in CD-1 mice. Data on whether exposure to BPA after birth induces glucose intolerance are more limited. A single low dose of BPA (10 mg/kg) and 4 or 8 days of injected 100 mg/kg BPA have been shown to induce insulin resistance and glucose intolerance in adult male mice (Alonso-Magdalena et al. 2006 , Batista et al. 2012 .
Several mechanisms have been proposed to explain the effect of BPA on glucose intolerance, including the disturbance of pancreatic b cell function (Nadal et al. 2000 , Alonso-Magdalena et al. 2006 , decreased production or secretion of adiponectin from adipocytes, the establishment of insulin-sensitizing adipocytokine (Hugo et al. 2008 , Kidani et al. 2010 , enhanced adipocyte differentiation and lipid accumulation (Masuno et al. 2002 , 2005 , Somm et al. 2009 , Ohlstein et al. 2014 , and increased insulin resistance resulting from increased oxidative stress and mitochondrial dysfunction (Nakagawa & Tayama 2000 , Bindhumol et al. 2003 , Asahi et al. 2010 , Moon et al. 2012 .
Accordingly, exposure to BPA seems to be able to contribute to the development of insulin resistance and diabetes. However, it is still unclear whether long-term oral exposure to BPA after the neonatal period induces insulin resistance and glucose intolerance.
In the present study, we investigated the effects of long-term exposure to BPA using a diet-induced obesity mouse model, and we demonstrated that BPA exposure in the postnatal and adult periods can increase insulin resistance and glucose intolerance in vivo.
Materials and methods
Animals C57BL/6 male mice were purchased from Orient (Seongnam, Korea). The mice were acclimatized to the laboratory environment for at least 1 week before the experiments commenced. They were then divided into four groups: i) standard mouse chow diet (CD); ii) high-fat diet (HFD); iii) CD with BPA; and iv) HFD with BPA. The CD comprised w3.6 kcal/g, with 21% protein, 12.5% fat, and 66.5% carbohydrates. The HFD comprised w5.0 kcal/g, with 21% protein, 66.5% fat, and 12.5% carbohydrates (Bi et al. 2007) . BPA (purity O99%) was purchased from Wako Pure Chemical Industries (Sigma-Aldrich). BPA was mixed with 30% ethanol and diluted in water to the appropriate concentrations for the experiments.
Four-to 6-week-old mice were treated with BPA dissolved in water at 50 mg/kg body weight (bw) per day orally for 12 weeks. Each group included five mice, and the experiment was repeated at least three times. All of the mice were housed in conventional plastic cages at 23G 2 8C and 60G10% humidity; a 12 h light:12 h darkness cycle was used, and the mice had free access to water. After 12 weeks of feeding with the assigned diet, the mice were killed for tissue sampling after 8 h of fasting. Epididymal fat (white adipose tissue, WAT), liver tissue, and skeletal muscle (gastrocnemius) were isolated, freeze-clamped in liquid nitrogen immediately after being weighed, and stored at K80 8C until the assays were performed. The pancreas was immediately isolated for histologic examination and fixed in 10% formaldehyde for 24-48 h. For transmission electron microscopic examination, pancreatic tissues were dissected, cut into small sections (1! 1 mm), and immersed in 2.5% glutaraldehyde at 4 8C. All of the procedures that involved the use of laboratory animals were in accordance with the Guide for Standard Operation Procedures and were approved by the Institutional Animal Care and Use Committee of the Clinical Research Institute, Seoul National University Bundang Hospital (approval number BA1103-079/021-01).
Body weight and fat mass measurements and glucose tolerance tests
Body weight and food consumption were measured every 3 days during the experiments. Before they were killed, the animals' total body fat content was measured using dual-energy X-ray absorptiometry (GE Lunar PIXImus, Fitchburg, WI, USA) under anesthesia. The epididymal fat pads were surgically removed through a mid-abdominal incision, and the weight of each dissected fat mass was recorded immediately.
To assess glucose homeostasis, an intraperitoneal glucose tolerance test (IPGTT) was performed at the beginning and end of each experiment. After overnight fasting, the mice were injected intraperitoneally with 2 g/kg glucose; blood samples were collected from their tails 0, 30, 60, 90, and 120 min later. Glucose levels were measured by a glucometer (ACCU-CHEK Active, Roche).
Measurement of insulin, adiponectin, and cytokine levels
Serum samples from the mice were maintained at K80 8C until analysis. Serum and islet insulin levels were measured by a RIA kit (LINCO Research, St Charles, MO, USA) according to the manufacturer's instructions. Adiponectin, interleukin 6 (IL6) and tumor necrosis factor a (TNFa) levels were measured by an ELISA kit according to the manufacturer's instructions (Adipogen, Seoul, Korea; R&D Systems, Minneapolis, MN, USA).
Protein analysis
Skeletal muscle tissues were homogenized in lysis buffer (Cell Signaling Technology, Danvers, MA, USA), and the protein concentration was determined by a protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Protein (12 mg) was mixed with gel loading buffer containing 62.5 mM Tris-HCl, 2% SDS, 5% 2-mercaptoethanol, 13% glycerol, and 0.013% bromophenol blue loaded on to a 9% SDS-polyacrylamide gel and separated by electrophoresis. The protein was transferred to a polyvinylidene difluoride membrane. Membranes were incubated with primary antibody overnight at 4 8C. After washing with Trisbuffered saline (TBS) buffer, the membrane was reincubated with secondary antibody for 1 h. The primary antibodies were pAkt (Ser473 and Thr308), Akt (Cell Signaling Technology), pGSK3b (Ser9) (Cell Signaling Technology), GSK3b (BD Transduction Laboratories, San Jose, CA, USA), and g-tubulin (Sigma-Aldrich). The secondary antibodies were anti-rabbit, anti-goat, and anti-mouse.
Measurement of insulin levels in pancreatic tissue
All of the mice were fasted for 8 h. Their pancreatic tissues were collected and weighed, and 90% of each pancreatic tissue specimen was prepared for the measurement of insulin content. The remaining 10% was fixed with formalin and processed for histologic examination.
The pancreatic tissues were homogenized in acid ethanol (75% ethanol, 1.5% HCl in distilled water), and the supernatant was collected from day 1 to day 4 and then sonicated on day 4. Insulin content was determined by an insulin RIA kit (LINCO Research), and the raw data were transformed using the following calculation: insulin dose (ng/ml)!dilution factor!total medium volume (ml)!(90% weight of the pancreatic tissue/total pancreatic tissue weight).
Evaluation of b cell mass and islet morphology
Histologic examination was performed for all five mice in each group. All of the formalin-fixed tissues were embedded in paraffin and stained with hematoxylin and eosin for further review. After deparaffinizing and rehydrating the tissues, immunohistochemistry was performed with polyclonal anti-insulin antibody (Cell Signaling Technology) to identify the b cells. Islet mass was measured by a computer-assisted point-counting method on an Axio Observer microscope (Carl Zeiss, Oberkochen, Germany) connected to a computer system running AxioVision 4.7 software (Carl Zeiss). First, a low-magnification view (40!) of the whole pancreas was taken for each mouse, and then the images were overlaid on a grid that consisted of 450 points. The islet mass was calculated by dividing the total number of points on the islet cells by the total number of points on all of the pancreatic tissues.
For transmission electron microscopic examination, pancreatic tissues immersed in 2.5% glutaraldehyde were post-fixed in 1% osmium tetroxide in 0.1 M phosphate or cacodylate buffer at pH 7.2 for 1.5 h. The tissues were then washed with water, dehydrated in an increasing series of ethanol (50, 60, 70, 80, 90, and 100%) , and immersed in propylene oxide (Acros Organics, Morris Plains, NJ, USA) and EPON epoxy resin (Electron Microscopy Polysciences, Hatfield, PA, USA). Epoxy resin-embedded samples were then placed in a capsule and polymerized for 12 h at 38 8C and for 48 h at 60 8C. The samples were then cut into 50 mm ultrathin slices by an ultramicrotome (RMC MT-XL RMC products, Tucson, AZ, USA) and were stained with 4% uranyl acetate and 4% lead citrate. The structures were examined by transmission electron microscopy (15 000! and 50 000! magnification).
Statistical analysis
Statistical analysis was performed by non-parametric analysis with Mann-Whitney and Kruskal-Wallis tests. A P value of !0.05 indicated statistical significance.
Results
Long-term exposure to BPA does not increase body weight or fat mass in growing mice Body weight did not differ according to BPA treatment, either with a CD (29.7G0.7 vs 28.6G0.6 g) or an HFD (45.3G0.8 vs 43.6G1.4 g) ( Fig. 1A and B ). Among the CD-fed mice, the percentage of WAT weight (3.5G0.8 vs 2.3G0.7%, PZ0.004) and percentage of body fat (30.0G1.5 vs 21.4G3.4%, PZ0.001) were lower in those that were exposed to BPA (Fig. 1C and D) . However, among the HFD-fed mice, the percentage of WAT weight and percentage of body fat were not significantly different with or without exposure to BPA (percentage of WAT weight 5.2G1.2 vs 4.7G1.3%; percentage of body fat 56.0G2.7 vs 52.4G3.8%; Fig. 1C and D). Exposure to BPA did not affect the intake of either CD (11.53G0.27 vs 11.66G1.32 kcal/mouse per day in the 12-weeks treated condition, PZ0.29) or HFD (11.82G0.20 vs 10.46G2.83 kcal/mouse per day in the 12-weeks treated condition, PZ0.69).
Long-term exposure to BPA induces glucose intolerance in HFD-fed mice
The results of the IPGTTs showed that mice that received an HFD and BPA exhibited a significantly larger area under the IPGTT curve than that of mice that received an HFD only (119.9G16.8 vs 97.9G18.2 mm/min, PZ0.027; Fig. 2A ). Fasting serum insulin levels in mice that received an HFD and BPA tended to increase, but the findings were not statistically significant (0.32G0.04 vs 0.30G 0.00 ng/ml in CD-fed mice; 0.44G0.14 vs 0.52G 0.29 ng/ml in HFD-fed mice; Fig. 2B ).
Long-term exposure to BPA impairs insulin signaling Serum insulin levels tended to increase in mice that received an HFD and BPA, but the findings were not statistically significant. Therefore, we evaluated the phosphorylation status of Akt, an important factor in the insulin signaling pathway, to determine whether BPA-induced glucose intolerance was related to insulin resistance. Interestingly, treatment with BPA reduced Akt phosphorylation at position Thr308 in skeletal muscle after insulin stimulation ( Fig. 3A and B) . The phosphorylation of glycogen synthase kinase 3b (GSK3b), the downstream signaling molecule of Akt, at Ser9 also significantly decreased in the skeletal muscles of mice that received an HFD and BPA ( Fig. 3C and D) . However, there were no significant changes in Akt phosphorylation in hepatic or adipose tissue after BPA treatment (data not shown). The hepatic expression of PEPCK and G6Pase, key enzymes of gluconeogenesis, did not change after treatment with BPA ( Supplementary Fig. 1A , see section on supplementary data given at the end of this article). In addition, no changes were observed in the expression of phosphofructokinase (PFK) or glycogen synthase (GS) in skeletal muscle after treatment with BPA ( Supplementary  Fig. 1B) . To determine the mechanism by which BPA induces insulin resistance in skeletal muscle, we measured serum adiponectin, IL6, and TNFa levels. Serum adiponectin levels decreased after treatment with BPA, but serum IL6 and TNFa levels increased; however, these differences did not reach statistical significance (Fig. 4) .
Long-term exposure to BPA does not affect insulin secretion from b cells
To determine whether BPA induces glucose intolerance by inducing islet cell dysfunction in addition to peripheral insulin resistance in HFD-fed mice, we examined the islet area and morphology as well as the functional insulin secretion of mouse b cells. The percentage of the islet area was calculated by dividing the islet area by the pancreatic area. The percentage of the islet area and pancreatic insulin content did not differ between the mice that received an HFD and BPA and those that received an HFD only ( Fig. 5A and B ). There were also no significant differences in the morphology or number of islet cells or mitochondria, as examined by electron microscopy in the pancreas, between the mice that received an HFD and BPA and those that received an HFD only ( Fig. 5C and D) .
Discussion
In the present study, long-term oral exposure to an HFD and BPA induced glucose intolerance and insulin resistance in growing mice. This effect was not associated with obesity or body adiposity. Treatment with BPA for 12 weeks reduced Akt phosphorylation in skeletal muscle, but neither gluconeogenic hepatic gene expression nor islet cell function was altered. BPA-induced skeletal insulin resistance might be related to changes in serum adipocytokines; serum adiponectin levels were decreased and serum IL6 and TNFa levels were increased after treatment with BPA, although these changes were not statistically significant.
The two major pathophysiologies of type 2 diabetes mellitus are increased insulin resistance and decreased insulin secretion. In the present study, we first demonstrated that long-term oral exposure to BPA induced glucose intolerance after the neonatal period by increasing insulin resistance in a manner that was not related to b cell dysfunction. These findings are consistent with previously published epidemiologic data (Lang et al. 2008 , Shankar & Teppala 2011 , Wang et al. 2012 and animal studies (Alonso-Magdalena et al. 2006 , Wei et al. 2011 , Batista et al. 2012 ). In two large epidemiologic studies, urinary BPA level was positively associated with type 2 diabetes mellitus (Shankar & Teppala 2011) and with obesity and insulin resistance (Wang et al. 2012) . BPA has been shown to impair the structure and function of hepatic mitochondria and increases the hepatic levels of malondialdehyde, IL6, and TNFa (Moon et al. 2012) . Inflammation plays a key role in the development of insulin resistance, and the IkB kinase-b (IKKb)/NF-kB pathway in particular is a molecular mediator of insulin resistance (Shoelson et al. 2003 (Shoelson et al. , 2006 . Elevated levels of inflammatory cytokines, such as IL6 and TNFa, are known to induce the c-Jun NH2-terminal kinase (JNK) and/or IKKb pathways. IKKb and JNK are well-known serine kinases that phosphorylate IRS1 at serine residues, which results in decreased insulin signaling (Kim et al. 2008 , Muoio & Newgard 2008 , Samuel & Shulman 2012 . In the present study, serum IL6 and TNFa levels tended to increase after treatment with BPA, but the increase did not reach statistical significance, possibly because of individual variations between animals (as are commonly observed in in vivo experiments) or because of limited cytokine measuring points after treatment with BPA. In our previous experiment, short-term exposure to BPA increased serum IL6 and TNFa over 6 h, and these elevations were normalized within 24 h (Moon et al. 2012) . In the present experiment, we measured inflammatory cytokine levels at baseline and after 12 weeks of treatment with BPA. Therefore, we might have been unable to detect the maximal changes in these cytokines. The inflammatory cytokines IL6 and TNFa are wellknown adipocytokines. In addition to inflammation and/or oxidative stress, alterations in adiposity and/or the production of adipocytokines, such as adiponectin, TNFa, IL6, and leptin, are believed to affect insulin resistance. Perinatal exposure to BPA induces body weight gain in a dose-dependent manner, especially in female rodents, even in later life (Rubin & Soto 2009 ). This trend could be caused by the effects of BPA on adipocyte differentiation and lipid accumulation (Ben-Jonathan et al. 2009 , Rubin & Soto 2009 ). We therefore investigated the changes in adiposity and adipocytokines, but exposure to BPA did not induce weight gain to a greater extent than the control treatments did, which is consistent with a report by Batista et al. (2012) . However, changes in adipocytokines may play important roles in the development of BPA-related insulin resistance in the postnatal period or adulthood; interestingly, we found that serum adiponectin levels tended to decrease after treatment with BPA, whereas serum IL6 and TNFa levels tended to increase. Although we could not demonstrate the direct impact of BPA on adipocytokine secretion from WAT, the altered serum adipocytokine levels might be important in BPA-related insulin resistance.
When insulin resistance develops, insulin signaling through IRS1 and Akt is attenuated. BPA has been shown to cause hyperinsulinemia and insulin resistance through glucose or insulin tolerance tests (ITTs; Alonso-Magdalena et al. 2006 , Batista et al. 2012 . However, there are limited data on the effects of BPA on insulin signaling. In the present study, we found that BPA decreased Akt phosphorylation in skeletal muscle in vivo. Our results are consistent with a recent study in which BPA was shown to impair insulinstimulated tyrosine phosphorylation of the insulin receptor b subunit and insulin-stimulated Akt phosphorylation on the Thr308 residue in skeletal muscle of adult mice treated with 100 mg/kg BPA subcutaneously for 8 days (Batista et al. 2012) . The authors also noted a lower BPA-induced effect and decreased insulin-stimulated tyrosine phosphorylation of the insulin receptor b subunit in the liver. However, in the present study, we did not detect any significant changes in Akt phosphorylation in hepatic or adipose tissue after BPA treatment. Another study reported that 24 h of treatment with BPA decreased the level of Akt and Akt phosphorylation in 3T3-L1 adipocytes by 46 and 29% respectively (Kidani et al. 2010 ). In the present study, we also examined the effect of BPA treatment on GSK3b phosphorylation in skeletal muscle and confirmed that BPA decreased GSK3b phosphorylation at Ser9, which thereby increased the activity of GSK3b and insulin resistance. Although the evidence is still not sufficient, based on the results of the present study and others, BPA appears to cause insulin resistance by disrupting insulin signaling.
We performed an in vitro study to investigate whether BPA can directly induce insulin resistance. However, BPA treatment did not significantly affect 2-deoxyglucose uptake and Akt phosphorylation in L6 cells (data not shown). These results suggest that BPA might induce skeletal insulin resistance not at the molecular level but rather by altering serum adipocytokines as described earlier in the present study. We investigated the islet area and morphology as well as the insulin secretion of b cells and did not find any differences in the percentage of the islet area or pancreatic insulin content between treatment with BPA and controls. Moreover, there were no significant differences in pancreatic islet morphology as examined by electron microscopy. Therefore, glucose intolerance caused by long-term oral exposure to BPA might be mainly induced by insulin resistance, not by impaired insulin secretion, although there have been some reports that BPA alters oxidative stress or insulin secretion in islet cells (Alonso-Magdalena et al. 2006 . In the present study, because we did not perform an ITT, which is a more accurate method of measuring insulin sensitivity directly, it is difficult to precisely address the issue of insulin secretion in the development of glucose intolerance at this time.
Although our chosen animal models were C57BL/6 male mice fed with HFD, treatment with BPA has also consistently been shown to induce insulin resistance in various other animal models, such as male Swiss albino OF1 mice (Alonso-Magdalena et al. 2006 , Batista et al. 2012 , CD-1 mice, HFD wistar rats (Wei et al. 2014) , and Watanabe heritable hyperlipidemic rabbits (Fang et al. 2015) . Therefore, it is quite likely that treatment with BPA would also induce increased insulin resistance in other insulinresistant animal models, such as ob/ob or db/db mice.
The strengths of the present study include the long duration (12 weeks), the route of exposure (oral), and the timing of exposure (during the postnatal period). Although the mouse life cycle does not exactly replicate a normal human life, humans seem to be continually exposed to BPA throughout their lives. In the present study, we wanted to investigate the effects of long-term ingestion of BPA, which is the main route of exposure in adulthood. Most in vitro studies in adult mice have used more than 100 mg/kg BPA per day, but in the present study, we used 50 mg/kg per day, which is the tolerable daily intake dose (EFSA 2008 , USFDA 2008 , USEPA 2010 .
We need to consider the non-monotonic dose-response relationship with regards to the effects of BPA. High-fat-fed offspring that were perinatally exposed to 50 mg/kg BPA per day were shown to have dysmetabolic phenotypes such as obesity, dyslipidemia, hyperleptindemia, hyperglycemia, hyperinsulinemia, and glucose intolerance (Wei et al. 2011 ). However, no adverse effect of perinatal BPA exposure at the increased concentrations of 250 and 1250 mg/ kg per day was observed. In an in vitro study where concentrations ranging from 0 to 100 nM BPA were measured, 1 nM BPA induced the highest level of suppressed adiponectin release from adipose depots and the highest mitogenic capacity in human prostate cancer cells (Wetherill et al. 2002) . Exposure to BPA within TDI could be harmful, so more research is needed to determine safer dose exposures.
In conclusion, long-term oral exposure to BPA induced glucose intolerance and insulin resistance in growing mice by disrupting Akt phosphorylation in skeletal muscle and by decreasing adiponectin secretion. These results suggest that not only perinatal but also postnatal and adult exposure to BPA induces insulin resistance and possibly type 2 diabetes mellitus.
